between both SBP and DBP status and speeded performance tasks, suggesting that even small blood pressure elevations may result in a functional decline. However, a recent, large, age-stratified study [18] in 936 subjects of mixed blood pressure status did not corroborate the Elias et al. findings [17] .
An important methodological issue in studies on the blood pressure/cognition relationship is the measurement of blood pressure itself. Blood pressure is highly variable over time, due to endogenous or exogenous stimuli. In addition, a substantial proportion of subjects are prone to a persistent alerting reaction during blood pressure measurement (white-coat effect) [19] , resulting in higher blood pressure readings in a medical setting compared to values obtained in the daily living situation. Measurement bias in studies that rely on only a limited number of blood pressure readings may reduce the chance of picking up an association, if any, between blood pressure status and functional cerebral decline.
Noninvasive ambulatory blood pressure monitoring (ABPM) is used to study blood pressure under normal living conditions. ABPM provides a reliable estimate of habitual blood pressure [20] , and may independently predict hypertension-related complications [21] . Although no large prognostic studies have yet substantiated the latter notion, there is some evidence that ABPM is superior to office blood pressure in predicting hypertensionrelated target-organ damage (review in [22] ). In a study of 73 healthy elderly subjects of mixed blood pressure status, clinically silent cerebral lesions seen on magnetic resonance imaging were associated with elevated mean ambulatory blood pressure, but not with the blood pressure level measured in the office [5] . Moreover, blunting of the physiological blood pressure reduction during the night (nondipping) has been associated with more severe complications of essential hypertension, including in the brain [23] . A history of stroke is more closely associated with nondippers [24] . Furthermore, patients with vascular dementia of the Binswanger type have shown smaller day-night differences in ambulatory blood pressure than nondemented age-matched controls [25] . Finally, a study in elderly hypertensives reported a higher prevalence of cerebrovascular damage, as seen by magnetic resonance imaging, in subjects with a reduced nocturnal blood pressure fall [26] .
In the present study we evaluated the possibility that ambulatory blood pressure status is associated with cognitive task performance, using ABPM, in a normal population sample, in an attempt to exclude any measurement bias resulting from the use of a limited number of blood pressure readings. In addition, we tested the hypothesis that a reduction in the circadian variation in blood pressure is associated with a decrease in cognitive performance.
Subjects and methods

Subjects
Participants were recruited from a larger sample of subjects who took part in a cognitive aging study (Maastricht Aging Study, MAAS) [27] . Data on the relationship between habitual blood pressure and 24 h ABPM [28] and between habitual blood pressure and cognitive function [18] in this group have been reported previously. The MAAS subjects were drawn randomly from a register of general practices (Registration Network Family Practices) [29] . Subjects with clinical evidence of past or present morbidity or drug use that may compromise brain function (cerebrovascular disease, chronic neurological pathology including dementia, epilepsy and parkinsonism, mental retardation or psychotropic medication use) were excluded from the main study. The subjects were stratified for age (12 discontinuous groups: 25 ± 1, 30 ± 1, 35 ± 1, . . . 80 ± 1 years), sex and two levels of occupational activity (as a proxy measure of general ability). For the present study, 126 subjects who agreed to participate in additional ABPM, within 3-4 weeks after completion of a neuropsychological test battery, were recruited from the main study in six age groups (30 ± 1, 40 ± 1, up to 80 ± 1 years). Eleven subjects were excluded because of incomplete ABPM recordings, defined as a proportion of valid measurements during the daytime or night-time interval of less than two-thirds of total readings. Thus, complete data from 115 subjects were available for analysis.
The study protocol was approved by the Medical Ethics Committee of the University Hospital Maastricht and informed consent was obtained in writing from all participants.
Measurements
A questionnaire was used to assess socio-economic background variables and medical history. Educational level was measured on an 8-point scale, ranging from primary school to higher vocational training and university degree [30] . In addition, at a medical interview, the subjects were screened for evidence of past or present cardiovascular morbidity, including angina pectoris, myocardial infarction, cardiac insufficiency, cardiac arrhythmia, heart valve defects, heart surgery or peripheral atherosclerosis, and the use of antihypertensive medication. Reported evidence of past or present hypertension was recorded separately.
Cognitive assessment
All participants were screened for several aspects of cognitive function, including memory, attention, simple speed and cognitive processing speed, according to procedures outlined briefly below and described in detail previously [27] .
The Word Learning Task (WLT) is based on the Auditory Verbal Learning Test [31] and evaluates the ability to acquire and retain new verbal information. A set of 15 frequently used monosyllabic words is presented in fixed order at a rate of one every 2 s in each of five trials. After every trial the subject is asked to reproduce the memorized words (immediate recall). Twenty minutes after the last trial the subject is asked again to reproduce the set of words (delayed recall). The total number of correctly reproduced words in five trials is recorded, in addition to the maximum score in five trials and the number of correctly reproduced words after 20 min.
The Concept Shifting Task (CST) evaluates behavioral planning and evaluation [32] . The subject's ability to alternate two psychological concepts during task performance is measured, in this case number and letter cancellation in correct order. A test sheet contains 16 small diameter circles (Ø 15 mm) arranged in a larger circle (Ø 16 cm). Two null versions (part 0) contain no symbols in the circles, the number version (part A) presents figures 1-16 in random order in the circles, a letter version (part B) shows random letters and, finally, a number/letter version (part C) alternates the numbers 1-8 and letters A-H. The subject is instructed to cross out the circles in correct order, as fast as possible and without making errors. Outcome is measured as the time required to complete each task.
Susceptibility to language interference was measured in the Stroop Color Word Test (SCWT), consisting of three subtasks: color word naming (I), color naming (II) and naming of color words printed in a different color (interference task III). SCWT-III is often used as a test of attentional capacity and shows robust effects of chronological age [33] .
Ambulant blood pressure monitoring
ABPM was begun in the morning between 0800 and 0900 h and lasted 24 h. A SpaceLabs 90207 monitor (SpaceLabs Inc., Redmond, Washington, USA) was attached to the nondominant arm of the subject. Blood pressure was measured at 15 min intervals during the day (0700-2259 h) and at 30 min intervals during the night (2300-09659 h). The subjects were asked to follow their normal daily activities and regular sleeping hours and to report unusual events during the recording interval. No disturbance of sleep was reported.
Data reduction and analysis
Three domains of cognitive performance were defined: memory, sensorimotor speed, and cognitive flexibility [34] . Compound domain scores were computed for each individual, based on Z-transformed raw scores in the total sample, where Z = (x -)/SD. In this way, a reduction in performance outcome parameters can be achieved while the robustness of the underlying cognitive construct is improved [35] . Next, the average Z score was obtained from tests included in the compound performance index; the memory score was derived from the total, maximal and delayed-recall scores of the WLT, the cognitive flexibility score was derived as the sum of the C version of the CST and subtask III of the SCWT [36] and sensorimotor speed was calculated as one-quarter of the sum of scores on the 0, A and B versions of the CST and subtask I of the SCWT. In data presentation, plus or minus signs are inverted so that the data reflect better than average (plus) or below average (minus) scores.
Separate daytime (0700-2300 h) and night-time (2300-0700 h) averages of blood pressure and heart rate were calculated using software provided by the manufacturer of the ABPM monitor. For the analysis reported on in Table 3 , alternate mean blood pressure levels were also calculated, based on narrow clock intervals for the day and night (0900-2100 h and 0100-0600 h, respectively), as these intervals may be a better reflection of the subjects' actual waking and sleeping times [37] . The absolute and relative differences between mean daytime and night-time blood pressure levels were computed. Relative differences were expressed as a percentage of the daytime blood pressure average. In addition, subjects were classified as nondippers when the nocturnal drop in both SBP and DBP was less than 10% of the mean daytime level [23] . In all other cases, subjects were assigned to the dipper category.
The associations between ABPM-related data and cognitive outcome measures were analysed using multiple hierarchical regression analysis, after adjustment for chronological age, sex and educational level. Separate models were fitted for the total group and for the group of subjects free of cardiovascular events and antihypertensive medication. Residual scores were inspected for systematic nonlinear trends, but none were identified. Finally, dippers and nondippers were compared for background variables, ABPM parameters and cognitive measures using Student's t test for groups, or a 2 test in case of 2 × 2 tables.
Results
No differences in age, education, daytime mean blood pressure or cognitive performance were apparent between the group that was excluded for missing ABPM data (n = 11) and the final sample of 115 (t test for groups, all P > 0.05). Table 1 shows the numbers of participants, educational levels and cognitive outcome scores by levels of age and sex. Cognitive scores are expressed as population Z scores. Table 2 summarizes mean ABPM parameters and the prevalence of antihypertensive medication use, presence of cardiovascular events in the medical history and the distribution of nondipper status. In total, 26 subjects (23%) were taking antihypertensive medication or reported evidence of a cardiovascular event.
Fifteen subjects (13%) were classified as nondippers. 4.3 ± 1.5 3.5 ± 1.9 3.7 ± 1.6 3.5 ± 1.6 2.7 ± 1.7 2.9 ± 2.5 3.6 ± 1. Values are means ± SD (or absolute numbers as indicated). DBP, diastolic blood pressure; SBP, systolic blood pressure; CVE, prevalence of cardiovascular events; anti-HT, antihypertensive. Nondippers were classified according to the criteria of Verdecchia et al. [23] . Daytime was defined as 0700-2300 h and night-time as 2300-0700 h, except where a narrow interval (N) is specified (daytime 0900-2100 h, night-time 0100-0600 h). DBP dip (%) and SBP dip % refer to percentages of the mean daytime blood pressure level. *P р 0.05, **P р 0.01, ***P р 0.001.
Lower heart rate values are expected during normal sleep, irrespective of dipper status [38] . No differences between dipper and nondipper groups were found in daytime or night-time mean heart rates that could have been caused by intergroup differences in sleeping patterns (daytime heart rate 77 ± 10 and 78 ± 11 beats/min; night-time heart rate 64 ± 9 and 67 ± 12 beats/min, for dippers and nondippers, respectively; both differences P > 0.05).
Next, age, sex and educational level were entered in step 1 of the regression models used to predict the three cognitive outcome scores ( Table 3 ). The standardized regression coefficients (β) demonstrated that age was by far the strongest predictor of performance, followed by educational level, with older age and lower education being consistently associated with lower test scores. Women performed better than men on the memory tests. Together, these background variables explained 29, 45 and 44% of the variance in memory performance, sensorimotor speed and cognitive flexibility, respectively.
To test the predictive value of mean blood pressure levels and daytime-night-time blood pressure differences for cognitive performance, the ABPM variables were entered separately in step 2 of the regression analysis. In a comparable fashion, we checked for the presence of a relationship between performance and antihypertensive drug use or the presence of cardiovascular events. Table 3 shows ␤ values for the respective variables in the resulting model. Mean daytime or night-time averages of DBP or SBP were not related to performance measures when we controlled for the effects of background variables. However, both the absolute and the relative differences in daytime-night-time SBP or DBP were positively correlated with memory performance, although no such association was found for the two compound speed measures. When narrow clock intervals were used to calculate daytime and night-time blood pressure differences, the associations between these blood pressure differences on the one hand and memory performance on the other were attenuated, but a significant association emerged between the diastolic day-night blood pressure difference and sensorimotor speed. In terms of additional explained variance, these variables increased the prediction of memory performance with values ranging between 5 and 9% (R 2 change, equivalent to the squared partial correlation coefficient r p 2 ). When the nocturnal blood pressure drop was translated to dipper status [23] , the prediction of memory performance increased by 3%. In addition, dipper status explained a further 5% of the variance in the sensorimotor speed score, which had remained unaffected by the daytime-night-time differences. The observed associations were independent of age and sex, as no significant contribution to the prediction of cognitive scores was made by the age (or sex) ↔ ABPM parameter interaction terms in separate regression models (results not shown).
Although no relationships were observed between cardiovascular events or antihypertensive drug use and cognitive variables, we repeated the analysis on 89 cardiovascular event-free and unmedicated subjects. A small attenuation was found in the strength of the observed relationships (results not presented here), but the pattern of effects remained essentially unchanged.
Background variables (Table 4) and cognitive scores (Fig. 1 ) of nondippers were contrasted with those of 19 ± 6 7 ± 5*** SBP dip (mmHg) 16 ± 7 4 ± 7*** SBP dip (%) 13 ± 5 3 ± 5***
Values are means ± SD or absolute numbers as indicated (%); 2 × 2 tables were tested using 2 with continuity correction (Yates); means were compared with Student's t test for groups. CVE, cardiovascular event; DBP dip (%) and SBP dip % refer to percentages of the mean daytime blood pressure level. *P р 0.05, **P р 0.01, ***P р 0.001, versus dippers.
Mean cognitive performance scores (±SEM) as a function of dipper status (*P р 0.05, **P р 0.01). subjects who showed a normal circadian blood pressure pattern. There were no intergroup differences in age, educational level or sex. Intergroup differences in the prevalence of cardiovascular events or antihypertensive drug use did not reach statistical significance due to small cell counts, although the differences in these characteristics trended towards a less favorable profile in the nondipper group (for example, history of hypertension: 12% in nondippers, 27% in the dipper group). Differences in blood pressure levels were limited to the night-time values and the nocturnal blood pressure drop. Nondippers produced worse scores for memory and sensorimotor speed. No difference in cognitive flexibility scores was observed.
Discussion
In this study we used blood pressure estimates from 24 h ABPM to arrive at a more accurate description of blood pressure-related factors that may add to, or mediate, the age-related cognitive decline. Adjusting for effects of age, sex and educational level, we found that mean daytime and night-time blood pressure levels were unrelated to the composite cognitive scores, irrespective whether we controlled for antihypertensive drug use or cardiovascular events in the subject's medical history. These findings are in line with those we reported earlier [18] , relating comparable cognitive measures with repeated blood pressure measures at the time of testing in a larger population (n = 936) [18] . Studies that have demonstrated negative associations between blood pressure and cognitive function have often included a larger percentage of hypertensive subjects, frequently untreated, than our study [12] . These factors may have limited the range of vascular risk and could have resulted in a more favourable vascular profile in our study population than in other studies. However, attenuation or absence of the physiological fall in blood pressure during the night, a phenomenon that has been repeatedly associated with cardiovascular or cerebrovascular damage in hypertensives, was related to a substantially lower performance of verbal memory. This association was not changed substantially by the way in which daytime or night-time periods were defined, and the subsequently calculated mean blood pressure levels and day-night blood pressure differences. We found additional evidence of a lower sensorimotor speed in subjects with a smaller day-night diastolic blood pressure difference based on mean blood pressure values during narrow clock intervals and in subjects who complied with nondipper criteria.
Apart from a small but significant association between dipper status or mean diastolic blood pressure dipping (based on narrow clock intervals) on the one hand and sensorimotor speed on the other, there was no relationship between a nocturnal blood pressure reduction and speeded cognitive performance. In cognitive decline associated with aging, speed-related cognitive parameters are generally more affected by chronological age than nonspeeded tasks, such as word learning [39] . This pattern was also obvious in the present data, in which β levels associated with age were much higher for both speed-related compound scores (-0.55 and -0.49) than for the memory score (-0.37). The association between a nocturnal blood pressure reduction, a variable that was relatively unaffected by age in this sample [28] , and cognitive performance was largely restricted to the domain of learning and memory, and may thus suggest a selective decline in brain function. Multiple brain systems are involved in human memory processes [40] , but some, particularly older brain structures such as specific areas in the hippocampus, are exceptionally vulnerable to hypoxia [41] .
To date, associations between an absence of nocturnal dipping and target-organ damage have been described in only hypertensive subjects, as most studies using ABPM have focused on this population. In one study, an association between dipper status and left ventricular mass was found in hypertensive but not in normotensive subjects [42] . However, an absence of the nocturnal blood pressure drop is not restricted to hypertensives: in the present study, subjects in the dipper category did not differ significantly from nondippers in mean daytime blood pressure, but it was typically the mean night-time blood pressure that was different in both groups (Fig. 2) . Although no sleep disturbances were reported by our subjects, one reason for nondipping may be that sleep is shallow or is interrupted because of the blood pressure measurements themselves [38] . The apparatus we used is generally well tolerated by patients and is virtually noiseless [43] . In addition, we found no differences in daytime or nighttime mean heart rate between the dipper and nondipper groups. Therefore, it seems unlikely that sleep disturbance was responsible for the observed relationship. Twenty-four-hour systolic and diastolic blood pressure in dippers (Dip; n = 100) and nondippers (Non-dip; n = 15). The mechanism of nocturnal dipping of blood pressure is still largely unknown, but reduced sympathetic nervous activity during the night may contribute [38] . A blunted reduction in blood pressure during the night may have an adaptive function in maintaining the night-time blood flow in vital organs, including the brain, at acceptable levels in advanced stages of vascular insufficiency, particularly when autoregulatory function fails [44] . Furthermore, in contrast to the blood flow in other organs, cerebral blood flow increases during the night as a result of an increased oxygen demand [45] . Although it is unlikely that our largely normotensive subjects suffered from severe cerebrovascular insufficiency, it remains possible that this mechanism was related to the observed functional decline in memory performance.
Causal inferences from correlational studies should be made with caution and our findings need to be replicated in an independent sample before definite conclusions can be drawn. If the relationship between the night-time reduction in blood pressure and memory-related function proves to be robust, the next step may be to relate these findings to the morphological and functional characteristics of brain structures that are engaged in memory function, using brain imaging techniques, such as MRI or single-photon emission computed tomography (SPECT).
